For the imaging of ground-penetrating radar (GPR) emitted a finite-length source-receiver antenna system can be effectively described. We demonstrate that properties of the shallow subsurface can be extracted from the ground-wave with reasonable accuracy. An effective wavelet determined from numerical data calculated for a finite-length source-receiver antenna system shows an effective wavelet that is less minimum phase than the effective wavelet calculated from the electric field generated by a point source-receiver antenna system.
INTRODUCTION
Ground-penetrating radar (GPR) has become a widely used geophysical technique for investigating the shallow subsurface. Improved resolution of radar images can be obtained by applying deconvolution and imaging. However, Turner (1993) has shown that georadar signals are generally not minimum phase, an important prerequisite for many predictive deconvolution routines. With de- tailed knowledge of the emitted source wavelet it should be possible to define alternative approaches to deconvolution. A GPR system is an exploration system that uses transmitter and receiver antennas, that are placed on or near the ground surface. Physical antennas have a quite complex performance (Roberts and Daniels, 1997) . In this paper, an efficient way of describing this complex behaviour is introduced.
In the following, we define various types of wavelet relevant to georadar propagation between a source and receiver antenna:
. The initial wavelet is the current pulse injected into the source antenna. Conceptually, it can be de- termined from air-and ground-waves observed on common-midpoint (CMP) data recorded using an ideal point source-receiver antenna system; since the propagation effects for such a system are well described by closed-form expressions, once the conductivity and permittivity are known these effects can be eliminated from the data.
. The (1) can then be rewritten as Ei(0,x,0,f) = f xEDs Oi1(-x, X, 0, f, Er, a) xJ1(x,o,o,f)dx, (2) where we assume that the transmitter pulse is the initial wavelet at the feedpoint in the middle of the antenna: (6)
which are the high-frequency and large-offset approximations, respectively. Using the zeroth-order term of the ( 3 
in which the air-wave E° and ground-wave E are represented by . The shapes of the wavelets traveling through the air and ground along the interface are identical to that of the initial source wavelet W(t), except the ground wavelet has a 180° polarity reversal.
• The permittivity of the ground may be estimated from the travel-time versus offset curve of the ground-wave.
ESTIMATION OF GROUND PROPERTIES Permittivity estimation
The permittivity of the ground is most easily determined from the velocity of the ground-wave.
Conductivity estimation
After compensating for geometrical spreading the amplitudes of the ground-wave peaks and troughs should de- cay as exp(-aZx2/2). Fitting an exponential function to the compensated amplitudes results in:
where tmin and tmax refer to the picked time ground-wave peaks and troughs, so that 
xI2E(x; f) = Aexp(-B(f)x), (16) such that the conductivity for each frequency is
z.
EFFECTIVE SOURCE WAVELET
We now approximate the electric field E(O, x, 0; f), measured by finite-length antennas by introducing,
where 
Determination of the effective wavelet
Once the electric properties have been determined, the Green's functions and source wavelet may be estimated. For each receiver position, the effective wavelet is cornputed for point and finite-length antenna systems using Eq. (19) . For both types of antenna, stable wavelets are derived. In Figure 5 , the mean initial and effective source wavelets are depicted. They show that the average effective wavelet for the point antennas has more energy concentrated at the onset, whereas the effective wavelet for finite antennas has its energy concentrated at the center. This is consistent with the phase spectra, which show that the effective wavelet for point antennas is closer to minimum phase than the wavelet of finite antennas. 
